Rats from an inbred strain (NZR/Mh) were found to have high concentrations of glycogen in their livers, even after 24h of starvation. Despite this, blood glucose concentrations were well maintained on starvation for up to 72h. The primary defect is a deficiency of liver phosphorylase kinase, causing a lack of active glycogen phosphorylase, although total phosphorylase is normal. The intravenous injection of glucagon caused a rapid activation of cyclic AMP-dependent protein kinase in the liver, but no increase in either phosphorylase kinase or phosphorylase a activity. Although total glycogen synthase activity in the livers of affected rats was higher than normal, glycogen synthase in the active form was very low, presumably as a result of the high liver glycogen content. The condition is transmitted as autosomal recessive and, apart from hepatomegaly, the affected rats appear healthy. (Malthus & Clark, 1977) .
In the course of liver-perfusion experiments with starved rats, two of us (D. G. C. and C. W.) noted very high glycogen content in the livers of some animals. We found that this occurred only in rats of an inbred strain (NZR/Mh) maintained in this Department; high glycogen concentrations during starvation were never observed in rats supplied by the University Animal Breeding Station. Using open liver glycogen content. In the present paper, we NZR/Mh strain of rats were affected. It turned out to be a simple matter to breed a line of rats with high liver glycogen content. In the present paper, we describe some features of the strain, and present evidence that the accumulation of glycogen is caused by a deficiency of liver phosphorylase kinase activity. A preliminary report on these rats has appeared (Malthus & Clark, 1977) .
Materials and Methods
The NZR/Mh strain of rats was derived from the NZR/Gd strain (Goodall et al., 1975) and had been maintained as a separate inbred strain for three generations when the glycogen-storage disease was discovered. We propose to designate the mutation responsible for the excessive glycogen deposition gsd (glycogen-storage disease); affected rats homozygous for the disorder will thus be designated gsd/gsd and heterozygotes gsd/+. Three sublines of * Present address: Division of Human Nutrition, C.S.I.R.O., Kintore Avenue, Adelaide, South Australia 5000, Australia. the NZR/Mh strain are currently maintained in our Department. Two sublines were started by brother/ sister mating of affected (gsd/gsd) rats; these are homozygous for the gsd mutation and all have high liver glycogen contents in starvation. Another subline was started by mating obligate heterozygotes (gsd/+) with affected (gsd/gsd) animals and has been maintained by brother/sister mating of gsd/gsd with gsd/+ animals. Thus each litter has approx. 50% of affected (gsd/gsd) rats; the others are obligate heterozygotes (gsd/+) and have normal liver glycogen concentrations on starvation. In this subline, affected rats are identified by analysis of glycogen in samples of liver obtained by open biopsy from rats starved for 24h. For comparison we have also used rats from the random-bred closed colony at the University Animal Breeding Station, these being referred to as ABS rats. The animals were housed in metal cages, on wood shavings, in a conventional animal room, with temperature controlled between 190C and 250C. Tap water and a pelleted diet (Otago Breeder) were available ad libitum. The diet contained (by wt.) 22% crude protein, 5% fat, 4.5% fibre, 2.5% ash, 6% moisture and 60% total carbohydrate by difference. ABS rats were kept for at least 1 week under these conditions before being used in experiments. When rats were starved, bedding material was replaced to prevent food carry-over, and drinking water was available ad libitum.
Liver biopsies were carried out by laparotomy under ether anaesthesia, by using a ligature to control bleeding. In the early stages of the investigation it was necessary to biopsy every rat of the NZR/Mh strain, but we now biopsy routinely only the offspring of gsd/gsd x gsd/+ matings, usually at 7-8 weeks of age. In the experiments described here, rats from 2 to 3 months old were usually used, although affected animals have been kept up to the age of 2 years. For enzyme assays, liver samples were obtained under pentobarbital anaesthesia (60mg/kg, intraperitoneally; Nembutal; Abbott Laboratories, Naenae, New Zealand). When consecutive samples were taken, a lobe was tied off immediately after sampling. The liver samples were usually homogenized immediately in the appropriate buffer, because, in our experience, losses of phosphorylase kinase occurred when samples were freeze-clamped. Additional liver samples were always taken for glycogen assay.
Glycogen and blood glucose
Tissue samples for glycogen assay were weighed in tubes containing 3 ml of 30% (w/v) KOH, saturated with Na2SO4. They were digested in a boiling-water bath and the glycogen was isolated as described by Lo et al. (1970) . The glycogen was redissolved in 5 ml of water and was assayed either by the phenol/H2SO4 method (Lo et al., 1970) or by an enzymic method, in which glycogen was digested with amyloglucosidase as described by Hue et al. (1975) , and the resulting glucose solution was assayed with a commercial kit (GOD-Perid; Boehringer Mannheim G.m.b.H., Mannheim, W. Germany). Samples of liver, skeletal muscle (biceps femoris), kidney and heart gave essentially the same results by either method, but with lung and brain samples the chemical method gave markedly higher results thah the enzymic method; for these latter tissues we have therefore reported only results obtained by the enzymic method.
Blood was withdrawn from the jugular vein under pentobarbital anaesthesia and immediately deproteinized with 0.16% uranyl acetate in 0.9% NaCl. Glucose in the supernatant was assayed as for the glycogen assay.
Enzyme assays
All solutions and all steps before the actual incubations were at 0Q40C. (1976) . One unit catalysed the incorporation into histone of 1,umol of P,/min. For glycogen synthase assays, samples of liver were freeze-clamped at the temperature of liquid N2 before being assayed as described by Watts & Gain (1976) . Total glycogen synthase activity was measured at 300C in the presence of 7mM-glucose 6-phosphate and active glycogen synthase in the presence of 15 mM-Na2SO4. One unit of glycogen synthase activity catalysed the incorporation into glycogen of Iumol of glucose from UDP-glucose/min.
Glucose 6-phosphatase (Baginski et al., 1974) , debranching enzyme (Nelson & Larner, 1970) and phosphofructokinase (Tsai & Kemp, 1974) Glynn & Chappell (1964) , as modified by Walsh et al. (1971) .
Results
In Table 1 we have summarized results for the liver glycogen content in the rats that we have so far studied. These include affected (gsd/gsd), heterozygotes (gsd/+) and random-bred ABS rats. Even in the fed state, average liver glycogen concentrations in affected rats were considerably higher than those in either control group (ABS rats or heterozygotes). Whereas starvation for 24h caused virtually complete loss of glycogen from the livers of control rats, affected rats lost none of their liver glycogen, although there was a loss of about 15% during the second 24h of starvation. However, this rate of loss was not maintained, for the liver glycogen concentrations in nine rats starved for 72 h was 612 + 29,umol of glucose units/g wet wt.
(mean+S.E.M.). When two affected (gsd/gsd) and two ABS rats were starved for 9 days, liver glycogen concentrations were 414 and 526,umol/g wet wt. in the affected rats, but were undetectable in controls.
In histological sections from livers of starved gsd/gsd rats the high glycogen content was readily demonstrated, in contrast with the virtual absence of glycogen in sections from control livers. In electron micrographs prepared from the liver of gsd/gsd rats, the glycogen is more or less evenly distributed throughout the cytoplasm (Plate 1); no evidence was seen of association of glycogen with any organelle.
Glycogen concentrations in other tissues of rats starved for 24 h are presented in Table 2 ; the liver glycogen content is also shown for comparison. Whereas skeletal-muscle glycogen contents were the same in the two groups, there were significant *The observed value of 18% does not differ significantly from the expected value of 25% (P>0.1, calculated from the binomial distribution).
differences in heart, kidney and lung glycogen, with the gsd/gsd rats having higher values in each case. Table 3 shows that higher than normal amounts of glycogen were already present in foetal livers at full term. Normal rats showed a marked fall in the concentration of glycogen in the liver during the first 24h of extra-uterine life, whereas the gsd/gsd rats maintained or possibly increased their liver glycogen content over this period. The livers of 3-day-old gsd/gsd rats already had virtually as much glycogen as adult rats. Only a few measurements have been made in rats older than 4 months, but there appeared to be a gradual decline in liver glycogen concentrations beyond the age of 6 months, and in nine affected rats, average age 20 months, starved for 24h, the liver glycogen concentration was 220 + 28,umol/g wet wt.
(mean + S.E.M.).
Hepatomegaly was a constant feature in the affected rats and was obvious at laparotomy. For example, in 32 male gsd/gsd rats weighing between 150g and 350g the liver-weight/body-weight ratio was 4.30 + 0.085 g/100g, versus 2.72 + 0.058 g/ lOOg (mean + S.E.M.) for 26 control rats in the same weight range.
In order to study the genetics of the condition, test matings were made by using affected (gsd/gsd) male rats and female ABS rats, which were presumed to be free of the genetic defect. The data in Table 4 show that the condition is transmitted as Mendelian autosomal recessive. As would be expected, when two affected (gsd/gsd) rats are mated all the progeny have high liver glycogen content.
The rats are remarkably little affected by the disorder and outwardly appear quite healthy. They breed well, the litter size is normal and there is no excessive mortality in the neonatal period. The only apparent abnormality is enlargement of the liver, but this is observable only at laparotomy. We have been Blood glucose Affected (gsd/gsd) rats had somewhat lower blood glucose concentrations in the fed state. However, after starvation for periods of 24-72h there was no clear difference between blood glucose concentrations in affected rats, ABS rats or heterozygotes (Table 5) .
Activities ofliver enzymes
A defect in any one of a number of enzymes could lead to excessive glycogen storage in the liver. We considered that a lysosomal glucosidase deficiency was unlikely, because there was no evidence of accumulation of glycogen in the lysosomes. We found normal activities of glucose 6-phosphatase, debranching enzyme and phosphofructokinase in the livers of affected rats, although only small numbers of rats were examined (Table 6) . A clear-cut abnormality was detected in the phosphorylase system. Active phosphorylase in liver samples from affected rats was much lower than in control animals, whereas total phosphorylase activity was similar in both groups.
Phosphorylase kinase activity in the affected rats was very low, averaging only 6% of the activity found in normal rats. The cyclic AMP-dependent protein kinase activity and the activity ratio (-cyclic AMP/+cyclic AMP) were the same in both groups (Table 6 ).
The total glycogen synthase activity of starved gsd/gsd rats was higher than that of starved controls. There was a striking difference between the two groups in the amount of glycogen synthase present in the active form; gsd/gsd rats had less than 1% in the active form, compared with over 10% in controls (Table 7) . A group of normal (ABS) rats fed ad libitum had glycogen concentrations and glycogen synthase activities intermediate between those of the starved groups. Among affected rats, fed animals were indistinguishable from starved in terms of both glycogen content and glycogen synthase activity, and the results for the two groups have been combined in Table 7 .
Effect ofglucagon injection on liver enzymes
The injection of glucagon (50,ug/kg body wt.
intravenously) into normal rats doubled phosphorylase a activity and increased phosphorylase kinase activity by about 45%, but had no effect on total phosphorylase activity ( 
Discussion
Glycogen-storage diseases have been studied much more in man than in domestic or laboratory animals. To the best of our knowledge, this is the first report of a liver glycogen-storage disorder in a laboratory species, though phosphorylase kinase deficiency in muscle in the I-strain mouse is well described (see, e.g., Lyon, 1970) . Huijing (1975) lists enzyme defects involving glycogen metabolism in dogs, cats and sheep, and lysosomal glucosidase deficiency has been reported in cattle (see, e.g., Jolly etal., 1977) .
The NZR/Mh strain of gsd rats is derived from the NZR/Gd strain of albino rat and had been maintained separately for only three generations when the glycogen-storage disorder was discovered; it is currently in the F-12 generation. We have been unable to obtain sufficient animals from the NZR/Gd strain to learn if these rats also carry the genetic defect. The NZR/Gd strain is derived, in turn, from the AS2 strain (Heslop, 1968 ), but we have not found excess liver glycogen in any AS2 rats examined, nor did matings between AS2 rats and gsd/gsd animals from the NZR/Mh strain produce any affected offspring. The AS2 strain itself originated, by selection and inbreeding, from the ABS colony, which has remained a closed colony to this day. Despite the accumulation of large amounts of glycogen in the liver, the animals are remarkably little affected by the condition; there is no obvious shortening of the life-span, nor any increase in neonatal mortality. Despite the very low activities of phosphorylase kinase and phosphorylase a and presumably very low rates of glycogen breakdown via the phosphorylase system, there is no hypoglycaemia on starvation. Presumably glucose is produced either by gluconeogenesis or by glycogen breakdown by pathways not involving phosphorylase. On the basis of the evidence presented, we think that the condition in the affected rats is caused by a deficiency of liver phosphorylase kinase activity. We believed that the assay we used for phosphorylase kinase activity measured total phosphorylase kinase activity in liver homogenates, because incubation of homogenates with ATP/Mg and cyclic AMP as described by Vandenheede et al. (1977) failed to increase the activity of the enzyme. It is thus rather surprising that injection of glucagon into normal rats increased liver phosphorylase kinase activity by 45%.
Because the assay of liver phosphorylase kinase depends on activation of the enzyme by endogenous factors, the decreased phosphorylase kinase activity observed in affected rats could be caused by a deficiency of phosphorylase kinase itself or by a defect in the activation system. The phosphorylase kinase-activation system in affected rats appears to be normal in that the cyclic AMP-dependent protein kinase activity and the activity ratio (-cyclic AMP/+cyclic AMP) are the same as in normal rats (Table 7 ). The injection of glucagon into gsd/gsd rats produced complete activation of the protein kinase, but failed to cause any increase in phosphorylase kinase activity. Finally, no increase in phosphorylase kinase activity in homogenates of liver from affected rats could be observed after manipulations reported to activate phosphorylase kinase in homogenates of liver from normal rats, i.e. incubation of homogenates with exogenous cyclic AMP-dependent protein kinase or with added CaCl2 (lpM-l mM).
Affected rats appear to have some small activity, but it is not clear whether this represents phosphorylase kinase activity or whether it reflects the imprecision of the assay. The measured phosphorylase kinase activity in affected rats varied from zero to as much as 1.2 units/g wet wt., i.e. about 20% of the activity in normal rats. In some cases there seemed to be an increase in phosphorylase kinase activity in response to glucagon, but there was little correlation between phosphorylase kinase and phosphorylase a activities measured in the same samples (r = 0.40, 15 rats). Thus we cannot at present decide whether phosphorylase kinase activity is very low or absent.
An alternative explanation of the enzyme results would be the presence in the livers of gsd/gsd rats of an inhibitor of phosphorylase kinase. However, in a mixture of equal volumes of liver homogenates from an affected and a normal rat, the phosphorylase kinase activity was equal to half that in the normal homogenate.
The presence of increased amounts of glycogen in heart, kidney and lung is intriguing. We do not know whether this results from the primary disorder of the liver or whether these tissues also have decreased amounts of phosphorylase kinase. Our failure to detect decreased liver phosphorylase kinase activity in obligate heterozygotes may be due to the type of assay used. On the other hand, by analogy with the muscle enzyme, liver phosphorylase kinase probably consists of more than one type of subunit. If the rate of synthesis of only one subunit were halved, it is conceivable that this would not affect the rate of assembly of the holoenzyme.
The differences in glycogen synthase activity are presumably secondary to the accumulation of glycogen in the liver. There is no direct evidence to indicate the mechanism responsible for the inactivation of the enzyme, although the degree of activation of glycogen synthase in fed and starved normal rats and in the affected rats correlated inversely with the amount of glycogen present (r = 0.88, 44 rats). It may be significant that glycogen has been shown to inhibit the conversion of inactive glycogen synthase into the active form (De Wulf & Hers, 1968) . Affected rats had higher total glycogen synthase activity than the controls. Total glycogen synthase in the three groups of animals in Table 7 correlates well with the glycogen content of the liver (r = 0.71, 44 rats), but it is not clear how an increase in glycogen storage would lead to an increase in total glycogen synthase activity. Further studies on these rats are needed to elucidate these problems.
We believe that this strain of rats will be a useful model of the rare deficiency of liver phosphorylase kinase in man. They should also be valuable for the study of glycogen synthesis and degradation, and the control of blood glucose concentrations.
